Clinical and experimental evidence indicates that intestinal inflammatory conditions can be exacerbated by behavioral conditions such as depression. The recent demonstration of a tonic counterinflammatory influence mediated by the vagus nerve in experimental colitis provides a potential link between behavior and gut inflammation. Here we show that experimental conditions that induced depressive-like behaviors in mice increased susceptibility to intestinal inflammation by interfering with the tonic vagal inhibition of proinflammatory macrophages and that tricyclic antidepressants restored vagal function and reduced intestinal inflammation. These results show that reserpine-induced monoamine depletion and maternal separation, 2 models for depression, produced a vulnerability to colitis by a mechanism involving parasympathetic transmission and the presence of gut macrophages. The tricyclic antidepressant desmethylimipramine protected against this vulnerability by a vagal-dependent mechanism. Together these results illustrate the critical role of the vagus in both the vulnerability to inflammation induced by depressive-like conditions and the protection afforded by tricyclic antidepressants and rationalize a clinical evaluation of both parasympathomimetics and tricyclic antidepressants in treatment of inflammatory bowel disease.
Introduction
Depression may coexist with Crohn disease more often than would be expected by chance (1) . In some studies, depression correlated well with disease activity, suggesting that it is secondary to the disability imposed by Crohn disease (2) (3) (4) . In other studies, depression was unrelated to disease activity (5) and, in some cases, actually predated the onset of Crohn disease (6) . It is therefore unclear whether depression is an epiphenomenon that occurs as a result of the disease, or whether depression may play a role in facilitating the expression of inflammatory bowel disease (IBD). In a recent study, we showed that mice subjected to maternal deprivation develop a behavioral pattern reminiscent of depression and are more susceptible to inflammation (7) . However, the underlying mechanism is unknown.
Linkages between major affective disorders and a variety of conditions have been suggested, and prominent in this literature is a relationship between depression and susceptibility to ischemic heart disease, particularly in men (8, 9) . There are 2 broad hypotheses to explain this relationship, and they relate to inflammation or to autonomic imbalance. Major depression is strongly associated with increased levels of C-reactive protein (CRP) among men (10) . Depression is also associated with increases in inflammation and coagulation factors in individuals who are free of cardiovascular disease, offering a stronger link between depression per se and susceptibility to inflammation (11) . Indeed, some depressed patients exhibit increased TNF-α levels, which normalize upon treatment with antidepressants (12) . It remains unclear as to whether this relationship reflects a causal role for depression in susceptibility to inflammatory stimuli or a common inflammation-based etiopathology (13, 14) .
The second broad hypothesis is that depression results in autonomic imbalance, with impaired parasympathomimetic functions (15) and a dominant sympathetic drive, contributing to cardiac pathophysiology (16) . The notion that depression is associated with parasympathetic dysfunction has led to the exploitation of vagal electrical stimulation as a novel treatment for refractory depression (17) (18) (19) .
We recently provided proof of concept that depressive-like behavior is associated with an exaggerated response to inflammatory stimuli in the gut, using a murine model of maternal separation (MS) (7) . We have also demonstrated that the vagus nerve provides tonic inhibition of acute inflammation in a murine model of colitis (20) . The inhibitory effect of the vagus is mediated via macrophages (20) and likely involves the activation of nicotinic acetylcholine receptors on the macrophage, resulting in selective suppression of proinflammatory cytokine secretion (20) (21) (22) . Taken together, these observations have prompted the hypotheses that the susceptibility to gut inflammation induced by depression results from impaired vagal function and that the protection afforded by tricyclic antidepressants (7) is due to restoration of normal parasympathetic input to the gut.
In this study, we test these hypotheses using 2 models of depression that include a well-established model: the MS model (7, 23) and the i.c.v. administration of reserpine. The therapeutic use of reserpine for hypertension resulted in the realization that it could induce severe depression (24) . Reserpine acts by depleting biogenic amines. In rodents, acute administration of a large dose of reserpine i.p. depleted concentrations of noradrenalin, adrenaline, dopamine, and serotonin (5-HT) in the brain for more than a week, but depression persisted for only 72 hours (25) . Therefore, in our study we induced a sustained depression by administering a low dose of reserpine by i.c.v. injection for 14 days. Studies were performed on mice with or without vagotomy and pyloroplasty (VXP) in C57BL/6 or in macrophage-depleted mice, and colitis was induced by either dextran sulfate sodium (DSS) or dinitrobenzene sulfonic acid (DNBS). Desmethylimipramine (DMI) was used as the antidepressant. We show that reserpine induced depressive behavior and that this was accompanied by impaired parasympathetic function and severe colitis. DMI protected against this vulnerability to colitis in depressed mice, but protection was entirely dependent on vagal integrity. We also demonstrate the same profile of results using the MS model of depressive behavior, indicating the broader applicability of our findings.
Results

Effect of procedure of VXP and/or i.c.v. cannulation. VXP, i.c.v. cannula-
tion, and MS caused no changes in weight gain, colonic appearance or histology, CRP, myeloperoxidase (MPO), or cytokine levels in C57BL/6 or M-CSF-deficient mice without colitis. TNF-α, IL-1β, and IL-6 colonic tissue levels were below the lowest standard of the assay in these mice (data not shown).
Characterization of models of depression. When mice were tested in the tail suspension test, chronic i.c.v. infusion of reserpine (1 and 100 μg/d) significantly increased the duration of immobility and reduced the latency to immobility in a dose-dependent manner ( Figure 1, A and B) . MS significantly increased the duration of immobility and decreased the latency to immobility compared with the unseparated (US) control group. Immobility duration and latency duration were 178.2 ± 23.1 and 61.1 ± 2.1 seconds in the MS group (P < 0.05) and 118.3 ± 9.8 and 71.3 ± 3.58 seconds in the US group (P < 0.05), respectively. The 5-HT concentration was determined in the brain sections (excluding the brainstem). A significant reduction in 5-HT levels in the brain was seen in reserpinized mice (RM) and also in MS mice compared with control mice (Table 1 ). Reserpine at 1 μg/d reduced significantly 5-HT content of the brain, but the concentration of this neurotransmitter was reduced significantly further in RM infused with 100 μg/d compared with control mice (Table 1) . To avoid total depletion of 5-HT and to maintain a response to DMI, a 1-μg/d dose was used for the reserpine infusion experiments.
In contrast, a single i.p. injection of reserpine (14 μg, the full dose given to RM) had no effect on these behavioral tests (data not shown). Furthermore, VXP did not alter the effect of reserpine on MS behavior (Figure 1) .
The effect of chronic injection of reserpine on DSS-induced colitis. DSS induced a colitis that was characterized by weight loss and frequent stools; this was evident by day 3 in sham-operated mice (see Figure  2A ). In RM, the onset of colitis was evident within 2 days of DSS, and these mice showed a significantly higher disease activity index (DAI) for all 5 days ( Figure 2A ). As illustrated in Figure 2 , B-D, the increased severity of colitis in RM compared with untreated mice with colitis was evidenced by the 2.25-fold increase in the macroscopic damage score (P < 0.05) ( Figure 2B ), by the 9-fold increase in MPO activity (P < 0.05) ( Figure 2C ), and by the 1.38-fold increase in CRP levels (P < 0.05) ( Figure 2D ). The increased severity of DSS colitis in RM was also evident histologically, as shown in Figure 3 , A and B. The histological damage score increased from 1.5 ± 0.28 in untreated mice with DSS colitis to 2.7 ± 0.25 in RM with colitis (P < 0.05). Similarly, changes in cytokine concentrations in the colon were also increased in RM with colitis. The concentrations of TNF-α, IL-1β, and IL-6 in control mice with colitis were 33.7 ± 3.8, 54.2 ± 8.4, and 67.3 ± 2.7 pg/mg protein, respectively. The increase in TNF-α was 1.97 ± 0.1-fold higher (P < 0.05) in RM compared with untreated mice with DSS colitis, and respective values for IL-1β and IL-6 were 1.87 ± 0.16-fold (P < 0.05) and 2.26 ± 0.14-fold (P < 0.05).
To determine whether the antiinflammatory cytokines IL-10 and TGF-β played a role in this response, we studied the levels of both cytokines in colonic tissue. The concentrations of IL-10 and TGF-β in control mice with colitis were 6.25 ± 0.8 and 85.1 ± 2.8 pg/mg protein, respectively. As already demonstrated after vagotomy (26) , no significant differences were found in IL-10, but the increase in TGF-β was 1.6 ± 0.2-fold higher in RM compared with untreated mice with DSS colitis (P < 0.05).
The effect of chronic injection of reserpine on DNBS-induced colitis. Chronic reserpine treatment increased the severity of DNBS colitis. As shown in Table 2 , there was a significant increase in all parameters of inflammation, and this profile was similar to that seen with DSS colitis.
The role of parasympathetic nerves in colitis in RM. DSS colitis was characterized by mild inflammation in the proximal colon and a more pronounced inflammation in the mid and distal parts of the colon. In keeping with our previous findings (20) , VXP increased the severity of colitis in DSS-treated mice without reserpine, and this was evident throughout the colon (data not shown). As illustrated in Figure 4 , A-C, the increased severity of colitis in VXP mice compared to sham-operated DSS mice was evident in the 2.25-fold increase in the macroscopic damage score (P < 0.05) ( Figure 4A ), in the 7.9-fold increase in MPO activity (P < 0.05) ( Figure 4B ), and in the 1.51-fold increase in CRP levels (P < 0.05) ( Figure 4C ). As already shown, reserpine caused a substantial increase in all parameters of inflammation in mice with DSS colitis, and no further deterioration was evident in VXP mice who were subsequently reserpinized prior to the induction of DSS colitis ( Figure 4 ). However, the parasympathomimetic agent nicotine, in the presence or absence of VXP, ameliorated the inflammation in RM with DSS colitis. This was evident in all parameters of inflammation, including macroscopic damage score (P < 0.05) ( Figure 4A ), MPO activity (P < 0.05) ( Figure 4B ), CRP levels (P < 0.05) ( Figure 4C ), and IL-1β (P < 0.05) ( Figure 4D ). Fold increases in IL-6 and TNF-α were 0.94 ± 0.21 and 1.18 ± 0.26 compared with non-VXP mice with DSS colitis and 0.99 ± 0.1 and 1.01 ± 0.2, respectively, compared with the VXP group with DSS colitis. Altered parasympathetic function in RM was also reflected in the colonic concentrations of acetylcholine, the primary neurotransmitter of the parasympathetic system. As shown in Figure  5 , vagotomy in control mice without colitis caused a 23% decrease in acetylcholine concentration (P < 0.05), illustrating the vagal contribution to the concentration of this neurotransmitter in the colon. This concentration of acetylcholine was also reduced in RM without colitis. Colitis per se also reduced the acetylcholine content of the colon (P < 0.05), but the concentration of this neurotransmitter was reduced significantly further in RM and in VXP mice with colitis (P < 0.05) ( Figure 5 ). Taken together, these findings indicate that reserpine treatment is accompanied by impaired parasympathomimetic function in the colon.
The role of macrophages in colitis in RM. We (20) and others (21, 22) have identified macrophages as the critical target cells for vagal modulation of inflammation. In the next experiment, we examined the role of M-CSF-dependent macrophages in op/op mice deficient in these cells. There was no difference between M-CSF-C57BL/6-deficient (op/op) and nonhomozygous (+/?) mice without colitis receiving reserpine in either the macroscopic scores (0.1 ± 0.11 and 0.9 ± 0.72, respectively) or MPO activity (0.1 ± 0.62 and 0.6 ± 0.31 U/mg of tissue, respectively). As shown in Figure 6 , reserpine worsened the colitis in +/? mice, as reflected by macroscopic damage (P < 0.05) ( Figure 6A ), MPO activity (P < 0.05) ( Figure 6B ), and CRP levels (P < 0.05) ( Figure 6C ). Increases were also seen in IL-1β (P < 0.05) ( Figure 6D ), TNF-α (4.8 ± 0.17-fold; P < 0.05), and IL-6 (2.3 ± 0.2-fold; P < 0.05) compared with nonreserpinized +/? mice receiving DSS. In contrast, no further increase for any DSS-induced inflammatory parameter was evident following reserpine treatment in op/op mice lacking M-CSF-derived macrophages (see Figure 6 ). The fold changes in TNF-α and IL-6 were 1.15 ± 0.34 and 1.24 ± 0.24, respectively, with no significant change compared with nonreserpinized op/op mice receiving DSS. No differences were seen for IL-10, but the level of TGF-β was associated with a 1.9 ± 0.14-fold increase (P < 0.05) in +/? RM. Figure 7A , i.p. administration of DMI attenuated the duration of immobility (P < 0.05) associated with depressive behavior. This action was not altered by VXP. DMI administration in RM significantly increased the level of 5-HT in the brain (P < 0.05) ( Table 1) . A similar profile was seen with the immobility latency test, in which DMI showed an increase of the latency from 56.21 ± 3.1 to 67.4 ± 2.9 seconds (P < 0.05), whereas VXP and nicotine did not affect this test (53.77 ± 2.56 and 47.8 ± 3.85 seconds, respectively).
The effect of DMI on colitis in RM. As shown in
We next examined the effect of DMI on inflammatory indices in mice with DSS colitis. DMI had no effect on any parameter of inflammation in mice with DSS colitis that had not received reserpine. As shown in Figure 7 , B and C, DMI did not lower the macroscopic score or attenuate MPO activity in these mice. Similarly, values for CRP were 25.3 ± 0.1 and 26.7 ± 0.8 ng/ml in untreated and DMI-treated mice with colitis.
IL-1β, IL-6, and TNF-α cytokine levels were also similar (1.2 ± 0.3, 0.97 ± 0.4, and 1.2 ± 0.4-fold increases, respectively) compared with untreated mice with colitis. These results indicate that DMI has no direct antiinflammatory effect in this model of colitis.
As already demonstrated, reserpine treatment increased the severity of DSS colitis. As shown in Figure 7 , B and C, this reserpine-induced deterioration was abolished by DMI. Indeed, all parameters of inflammation were improved in RM treated with DMI. Values for histological score were decreased from 2.7 ± 0.25 to 1.12 ± 0.21 (P < 0.05) (see also Figure 3C ), CRP levels decreased from 34.1 ± 0.7 to 25.1 ± 2.3 ng/ml (P < 0.05), and cytokine fold increases were 0.31 ± 0.22 (P < 0.05), 0.5 ± 0.33 (P < 0.05), and 1.02 ± 0.2 (P < 0.05) for IL-1β, IL-6, and TNF-α, respectively, compared with control. The counterinflammatory effect of DMI was dependent on the integrity of the vagus, as no improvement was seen in VXP RM with colitis following DMI treatment (Figure 3D and Figure 7 , B and C). Moreover, no further increase for TGF-β was evident following DMI treatment in RM. The fold
Figure 5
Influence of reserpine treatment (1 μg/d for 14 days) and VXP on acetylcholine level in colonic tissue in group without colitis and group with 5 days DSS-induced colitis. VXP or colitis alone significantly decreased the level of acetylcholine in mice without colitis (n = 10). A greater decrease was found in the colitic group with reserpine or VXP treatment (n = 12). *P < 0.05, n ≥ 8. The values are shown as means ± SEM. change in TGF-β was 1.1 ± 0.2, with no significant change compared with nonreserpinized mice receiving DSS, and no differences were seen for IL-10.
Figure 6
To further examine the dependency of DMI on parasympathetic function, we examined changes in colonic acetylcholine levels following administration of the antidepressant, and the results are shown in Figure 7D . As previously shown, reserpine treatment was associated with a significant reduction in acetylcholine levels in the colitis following DSS. This reduction was attenuated by DMI, as shown in Figure 7D . The acetylcholine level in DMItreated RM was similar to the level seen in mice with DSS colitis in the absence of either reserpine (23.55 ± 2.07 μg/mg protein) or DMI treatments (25.59 ± 2.28 μg/mg protein). In DMI-treated RM and vagotomized mice, the level of acetylcholine was similar to that seen in mice with DSS colitis in the presence of reserpine (14.95 ± 1.04 and 13.419 ± 1.78 μg/mg protein, respectively). Taken together, these findings indicate that the counterinflammatory effect of DMI in this model is mediated by a restoration of parasympathetic function in the gut.
The role of parasympathetic nerves and DMI in colitis in MS mice. To determine whether the above described changes were restricted to the reserpine-based model, we performed studies in the MS mouse model, which also exhibits depressive-like behavior. As illustrated in Table 3 , the increased severity of colitis in MS mice, compared with US DSS mice, was evidenced by the 1.65-fold increase (P < 0.05) in the macroscopic damage score, by the 1.56-fold increase in MPO activity (P < 0.05), and by the 1.47-fold increase in CRP levels (P < 0.05). The increased severity of DSS colitis in MS mice was also evident histologically (P < 0.05), and changes in cytokine concentrations in the colon were also seen in MS mice with colitis. The concentrations of TNF-α, IL-1β, and IL-6 in control with colitis mice were 21.7 ± 8.1, 81.7 ± 20.2, and 51.7 ± 2.3 pg/mg protein, respectively. The fold increase in TNF-α was 4.0 ± 0.8 higher in MS mice compared with US mice with DSS colitis (P < 0.05), and respective values for IL-1β and IL-6 were 2.3 ± 0.4 (P < 0.05) and 1.6 ± 0.3 (P < 0.05).
Administration of DMI attenuated the duration of immobility associated with depressive behavior (P < 0.05) ( Table 3 ) and significantly increased the level of 5-HT in the brain in MS mice (P < 0.05) ( Table 1 ). This action was not altered by VXP (data not shown). DMI had no effect on any parameter of inflammation in US mice with DSS colitis. As already demonstrated, MS increased the severity of DSS colitis, and this deterioration was abolished by DMI. Indeed, all parameters of inflammation were improved in MS mice treated with DMI, and the counterinflammatory effect of DMI was dependent on the integrity of the vagus, as no improvement was seen in vagotomized MS mice with colitis following DMI treatment.
To examine the dependency of DMI on parasympathetic function, we next examined changes in colonic acetylcholine levels following administration of the antidepressant. In MS mice, DSS treatment was accompanied by a significant reduction in acetylcholine levels in the colon (P < 0.05), and this reduction was attenuated by DMI (P < 0.05), as shown in Table 3 . The acetylcholine level in DMI-treated MS mice was similar to the level seen in mice with DSS colitis in US. In DMI-treated MS and vagotomized mice, the level of acetylcholine was similar to the level seen in MS mice with DSS colitis. In keeping with our previous findings, these results support the notion that the counterinflammatory effect of DMI in this model is also mediated by a restoration of parasympathetic function in the gut.
Discussion
The results of this study are consistent with the hypotheses that impaired parasympathetic function in mice with reserpine-induced depression results in an increased susceptibility to experimental colitis and that the protective effect of DMI is due to restoration of vagal parasympathetic function.
The evidence in favor of impaired parasympathetic function as a basis for the vulnerability of RS to colitis is based on the observation of a protective role of the vagus against acute colitis in animal models (27, 28) . In reserpine-treated mice with colitis, colonic levels of the parasympathetic neurotransmitter acetylcholine were reduced to a level similar to that seen in vagotomized mice that had not been reserpinized. The implication is that a substantial amount of the acetylcholine in the colon is of vagal origin. We interpret the reduction in acetylcholine to this level to reflect vagal impairment secondary to reserpine-induced depression.
In addition, we interpret the ability of nicotine to reduce the severity of colitis in reserpine-treated mice to be in keeping with underlying parasympathetic dysfunction. The fact that vagotomy did not worsen colitis in RM does not mitigate against this hypothesis. We have shown that vagotomy per se substantially increased the severity of DSS colitis, and we argue that the deleterious effect of subsequent reserpine treatment on colitis would be masked by the effect of the vagotomy. We acknowledge that vagal innervation is restricted to the proximal colon. However, it is possible that inflammatory changes modulated in the vagally innervated proximal colon result in changes in the enteric nervous system in the remainder of the colon (29), resulting in a reduction in acetylcholine release. This may account for the effect of vagotomy on colitis seen in this and other studies (20, 26, 27, 30) . We also demonstrate the same profile of results using the maternal deprivation model. No deterioration in colitis was seen in macrophage-deficient op/op RM in this study. This observation provides indirect evidence of the importance of the vagus in these models, as studies from our group (20) and others (21, 22, 28, 31) have identified the macrophage as the target cell for the vagal-mediated counterinflammatory mechanism. In this study we use nicotine as a parasympathomimetic in the gut. While it is known that nicotine has antidepressive effects (32), we found no evidence of a central effect of nicotine on behavior in our study.
Our results are consistent with the hypothesis that the tricyclic antidepressant DMI attenuates the inflammatory response in RM by enhancing parasympathetic function. This conclusion is based on the following observations: first, the beneficial effect of DMI was absent in vagotomized mice with colitis. Second, DMI therapy increased colonic acetylcholine levels in RM, and this effect was not seen in vagotomized mice. We were unable to determine whether DMI would confer protection in macrophage-deficient mice, as no increase in severity of colitis was seen in the op/op mouse. We are aware of the possibility that the tricyclic antidepressant may have direct antiinflammatory effects (33) (34) (35) (36) , but these were not evident in our experiments. DMI had no effect on any parameter of inflammation in DSS-treated mice without depression.
It is conceivable that other factors contributed to the deleterious effect of depression on colitis in our study. Parasympathetic impairment results in a dominant sympathetic drive, and it is known that this enhances colonic inflammation (37) . In addition, vagotomy alters lymphocyte trafficking (38) and mast cell numbers in the gut (39) and influences gut physiology (40, 41) , and these factors could contribute to the changes in severity of colitis seen in our study.
The results of this study have clinical relevance. First, they prompt close consideration of the relationship between depression and disease activity in patients with IBD. Second, if there is indeed a correlation, then depressed patients with IBD might be selected for novel treatment strategies. These include not only the use of tricyclic antidepressants but also the use of highly selective nicotinic receptor agonists (22, (42) (43) (44) or, in appropriate patients, vagal stimulation, which is now being evaluated for refractory depression and for epilepsy (45, 46) .
Methods
Animals. Male C57BL/6 (7-9 weeks old) and C57BL/6 female mice on gestational days 15-16 were purchased from Taconic Farms Suppliers and maintained in the animal care facility at McMaster University under specific pathogen-free conditions. Dams were housed individually. M-CSF-C57BL/6-deficient (op/op) as well as nonhomozygotic +/? breeding pairs were purchased from The Jackson Laboratory. Nonhomozygous mice (op/+ or +/+) are phenotypically indistinguishable from each other (therefore designated +/?). Op/op mice have osteopetrosis and lack teeth; they were therefore fed a powdered diet, while +/? mice received conventional food. No differences in food intake or body weight were observed between these groups. Mice were housed under standard conditions for a minimum of 1 week before experimentation. All experiments were approved by the McMaster University animal ethics committee and conducted under the Canadian guidelines for animal research.
Maternal deprivation. The MS protocol used in the present study was a slight modification of one previously published (23) . Dams and their litters were assigned at random to the control (US) group or the MS group. MS pups were removed from their home cages and dams from P2 to P21 for 180 minutes daily by placing them as a litter in a new isolation cage. The isolation cages were lined with chip bedding and kept at 37°C ± 5°C by using a heating pad placed under the cages. Dams of the MS group also were removed from the home cages and transferred to separate holding cages during the MS procedure. The operator's gloved hands were rubbed in the bedding of each litter before handling of pups to prevent rejection by dams on reunion. US litters were left undisturbed, except for routine cage care by the technician. At weaning (P22), male offspring were identified and used as subjects in the study. Subjects were weighed at P60.
Vagotomy. On P68 and P78, MS and US mice were anesthetized using ketamine (150 mg/kg, i.p.; Bimeda-MTC) and xylazine (10 mg/kg, i.p.; Bayer HealthCare), and ventral and dorsal truncal branches of the subdiaphragmatic vagus were cut (1 cm above gastroesophageal junction). Preliminary studies showed marked gastric dilation in vagotomized mice, and a surgical pyloroplasty was therefore incorporated into the protocol. VXP were subsequently performed under the same anesthesia. No gastric dilation was observed in mice undergoing this procedure. In sham-operated mice, vagal trunks were similarly exposed but not cut, but a pyloroplasty was performed. All mice were maintained on a normal diet (except for the op/op mice, which received a powdered diet).
Validation of vagotomy. Due to a short protocol used, the integrity of vagotomy in our study was not measured by the cholecystokinin octapeptide test. The completeness of vagotomy was verified during postmortem inspection of vagal nerve endings using microscopic inspection associated with a Bielschowsky silver staining (47) . Briefly, the nerve fibers were sensitized with a silver solution. The sections were treated with ammoniacal silver and then reduced to a visible metallic silver (data not shown).
Chronic i.c.v. infusion and i.p. injection. Micro-osmotic pumps (Alzet; Durect Corp.) were filled with vehicle (acetic acid 0.2%) or reserpine solution (1 or 100 μg/d for 14 days). These doses were based on methods previously developed in another laboratory for chronic i.c.v. infusion in mice (48) . The micro-osmotic pumps were connected by a 1.5- to 2-cm length of PE-60 tubing to a 3-mm-long cannula (Plastics One) and sterilized. For pump implantation, mice were anesthetized with ketamine (150 mg/kg, i.p.; Bimeda-MTC) and xylazine (10 mg/kg, i.p.; Bayer HealthCare). The scalp was shaved, an incision was made along the midline, and the skull was scraped clean of periosteum. Hemostats were used to make a pocket under the skin between the shoulder blades. A microdrill was used to drill a hole approximately 1.1 mm lateral and 1 mm caudal to bregma. The minipump was placed in the pocket between the shoulder blades, the cannula was inserted through the drilled hole into the lateral ventricle, and the cannula pedestal was affixed to the skull with cyanoacrylate glue (Loctite). The animals were allowed to recover on a heating pad. Another group of mice was injected i.p. with the full dose of reserpine.
Tail test. The immobility latency and the total duration of immobility induced by tail suspension was measured according to the method described by Steru et al. (49) as a facile means of evaluating potential antidepressants. Mice were suspended from a stick 50 cm above the floor by adhesive tape placed approximately 1 cm from the tip of the tail. Immobility time was recorded during a 6-min period (50) . The animal was considered to be immobile when it did not show any movement of body and hanged passively. Behavior was assessed 2 days before surgery and 8 days after surgery or 2 days before and 6 hours after the acute injection of reserpine.
Induction of DSS and DNBS colitis. DSS (MW, 40 kDa; ICN Biomedicals
Inc.) was added to the drinking water in a final concentration of 5% (wt/vol) for 5 days (20) . Controls were all time matched and consisted of mice that received normal drinking water only. Mean DSS consumption was noted per cage each day. For the DNBS study, mice were anesthetized with Isoflurane (Abbott). A 10-cm-long PE-90 tubing (ClayAdam) attached to a tuberculin syringe was inserted 3.5 cm into the colon. Colitis was induced by administration of 4 mg DNBS in 100 μl solution (ICN Biomedicals Inc.) in 30% ethanol and left for 3 days (51). Control mice (without colitis) received saline administration. Mice with colitis were supplied with 6% sucrose in drinking water to prevent dehydration.
Experimental protocol. The tail test was performed 2 days before surgery. VXP and placement of the micro-osmotic pump were performed on the day of surgery. Mice were tested for depression-like behavior on day 8 after surgery. Exposure to DSS (5%) commenced on the ninth day following surgery and continued for 5 days. In separate experiments, nicotine (20 μg/ml) was added to the drinking water on day 4 after surgery and for 5 days after the induction of colitis in vagotomized mice (52) . As previously described (7) DMI was administrated i.p. at the dose of 15 mg/kg for 12 days starting 2 days after surgery. Exposure to DNBS (4 mg) commenced on the eleventh day following surgery for 3 days.
Assessment of the severity of colitis -DAI. DAI scores have historically correlated well with the pathological findings in a DSS-induced model of IBD (53) . DAI is the combined score of weight loss, stool consistency, and bleeding. Scores were defined as follows: body weight loss, 0, no loss; 1, 5%-10%; 2, 10%-15%; 3, 15%-20%; 4, 20%; stool consistency, 0, normal; 2, loose stool; 4, diarrhea; bleeding, 0, no blood; 2, presence of bleeding; and 4, gross bleeding (Hemoccult II; Beckman Coulter). DAI was scored from day 0 to day 5 during DSS treatment.
CRP assay in serum. Blood was collected 5 or 3 days after the beginning of the DSS or DNBS treatment, respectively, by intracardiac puncture in anesthetized (isoflurane) mice. CRP levels were determined using ELISA commercial kit (R&D Systems).
Macroscopic scores. Five days after the beginning of the DSS or 3 days after the beginning of the DNBS treatment, mice were killed and the abdominal cavity was opened, the colon was located, and observations on distension, fluid content, hyperemia, and erythema were recorded. The colon was removed and opened longitudinally, and macroscopic damage was immediately assessed on the full section of the colon. Macroscopic scores were performed using a previously described scoring system for DSS colitis (53) and for DNBS (54) .
Colonic histology and MPO activity. Formalin-fixed colon segments coming from the splenic flexure were paraffin embedded, and 3-μm sections were stained with H&E. Colonic damage was scored based on a published scoring system that considers architectural derangements, goblet cell depletion, edema/ulceration, and degree of inflammatory cell infiltrate (53) . MPO activity was determined following an established protocol (55) . Briefly, MPO activity, used as a marker of granulocyte infiltration, was measured using a modified version of the method described by Bradley et al. (56) . Tissue samples were homogenized (50 mg/ml) in 50 mM ice-cold potassium phosphate buffer (pH 6.0) containing 0.5% hexadecyl trimethyl ammonium bromide (Sigma-Aldrich). The homogenate was freeze thawed 3 times, briefly sonicated, and then centrifuged at 12,000 rpm for 12 min at 4°C. The supernatant was then added to a solution of O-dianisidine (Sigma-Aldrich) and hydrogen peroxide. The absorbance of the colorimetric reaction was measured by a spectrophotometer. MPO is expressed in units per milligram of wet tissue, 1 unit being the quantity of enzyme able to convert 1 μmol of hydrogen peroxide to water in 1 minute at room temperature.
Cytokines and acetylcholine tissue levels. Colonic sample was homogenized in 700 μl of Tris HCl buffer containing protease inhibitors (Sigma-Aldrich). Samples were centrifuged for 30 min, and the supernatant was frozen at -80°C until assay. Cytokine levels (IL-1β, IL-6, TNF-α, TGF-β, and IL-10), were determined using ELISA commercial kit (R&D Systems). The amount of acetylcholine was measured using the acetylcholine assay kit (Invitrogen).
Determination of brain 5-HT content. The brain was separated from the brainstem and homogenized in 1 ml of 0.2 M perchloric acid, then centrifuged at 10,000 g for 5 min. The supernatants were neutralized with 0.5 ml of 1.0 M borate buffer (pH 9.25) and centrifuged at 10,000 g for 1 min. The 5-HT content in the supernatant was analyzed by enzyme immunoassay using a commercially available kit (Beckman Coulter). The 5-HT content of the tissue was expressed as a function of wet weight (ng/g tissue). The number of brains used per group was n ≥ 5.
Statistics. Results are presented as means ± SEM. Statistical analysis was performed using 1-way ANOVA followed by the Student-Newman-Keuls multiple comparisons post-hoc analysis, and a P value of less than 0.05 was considered significant. The number of mice per group was n ≥ 8 except for reserpine infusion 100 μg/d, which was n = 4.
